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*Aeromonas hydrophila* is typically an opportunistic bacterial pathogen that is ubiquitous in freshwater environments and is responsible for diseases in different species, including amphibians, reptiles, fish, and mammals ([@B1]). Motile *Aeromonas* septicemia (MAS) caused by mesophilic *A. hydrophila* affects a wide variety of primarily freshwater fish species, including carp, tilapia, perch, catfish, and salmon ([@B2]). Epidemic disease outbreaks in fish caused by *A. hydrophila*, resulting in millions of dollars of lost revenue, have been reported worldwide but have not occurred in the United States until recently ([@B3], [@B4]). In the summer of 2009, an outbreak of MAS in commercially raised catfish caused by highly virulent *A. hydrophila* (VAh) began in western Alabama ([@B5]). Since the initial outbreak during the summer of 2009, this outbreak has spread to other, adjacent states, including Mississippi and Arkansas ([@B6]). To date, this epidemic of MAS outbreaks is responsible for an estimated loss of more than \$12 million in catfish aquaculture operations in the southeastern United States. Our comparative and functional genomic analyses demonstrated that *A. hydrophila* isolates from recent epidemic outbreaks in the United States are highly clonal but genomically distinct from *A. hydrophila* historical isolates from diseased catfish in the United States, and these epidemic isolates contain a large number of genomic regions predicted to be acquired through lateral genetic transfer ([@B7]). Several episodes of epidemic outbreaks caused by *A. hydrophila* beginning in the late 1980s and within the last 10 years have been reported in farmed carp in China ([@B8], [@B9]). There are striking similarities between the U.S. catfish and Chinese carp epidemics caused by *A. hydrophila*, including the timing of the epidemics, which primarily occurred during the summer; the extensive mortality observed in seemingly healthy fish; and the highly clonal nature of the epidemic isolates ([@B5], [@B8]).

Nonnative species can endanger the native or endemic species by disturbing the trophic levels of the native fish community ([@B10]) and pose a potential threat of the emergence of infectious diseases ([@B11]). Because of the globalization of the aquaculture and ornamental fish trade industries, fish transport provides a gateway for the introduction of exotic species that could introduce new pathogens that can devastate populations of indigenous species ([@B12]). For instance, spring viremia of carp (SVC), a viral disease historically affecting fish in Europe, the Middle East, and Russia, has been found in carp in the United States since first being reported in 2002 ([@B13]). The Chinese origin of the SVC viral isolates in the United States was thought to be mediated through importation of ornamental fish ([@B14]). The emergence of several other viral diseases of fish and shrimp reported worldwide has been attributed to the dissemination of infected fish or eggs as a carrier of nonindigenous pathogens ([@B15]).

Over the past several decades, Asian carp have been imported into the United States, including grass carp (*Ctenopharyngodon idella*), bighead carp (*Hypophthalmichthys nobilis*), silver carp (*Hypophthalmichthys molitrix*), and black carp (*Mylopharyngodon piceus*), as well as countless species of live ornamental fish sold in the United States. Grass carp were imported to the United States from east Asia beginning in 1963 by the U.S. Fish and Wildlife Service ([@B16]) and have been extensively used in polyculture of catfish and in reservoirs for aquatic weed control. As a result of the Great Flood of 1993, silver carp were released in large numbers into the Mississippi River drainage system and currently threaten the ecological balance of the U.S. Great Lakes region ([@B17]).

The origin of the clonal *A. hydrophila* isolates responsible for the ongoing epidemic MAS outbreak in United States-farmed channel catfish is unknown. We used a phylogenomic approach to study the molecular epidemiology of the bacterial isolates responsible for this epidemic outbreak. Our study clearly demonstrates that the U.S. catfish and Chinese carp isolates have a recent common ancestor.

To determine the evolutionary relationships of the recent virulent *A. hydrophila* (VAh) isolates, a *gyrB*-based phylogenetic analysis was conducted using a total of 264 *Aeromonas* strains downloaded from the *Aeromonas* multilocus sequence typing (MLST) database (<http://www.pubmlst.org/aeromonas>) ([@B18]) and including other strains of U.S. and non-U.S. origin (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). The *A. hydrophila* phylogenetic analysis revealed a coherent and well-supported clade that included all VAh strains (see [Fig. S1](#figS1){ref-type="supplementary-material"}). Interestingly, the only strain retrieved from the GenBank database that was affiliated with VAh strains was *A. hydrophila* strain ZC1, which was isolated from a diseased grass carp in Guangdong Province, China, from ponds that had experienced an epidemic outbreak of hemorrhagic septicemia ([@B19]). In order to identify any other isolates that were affiliated with epidemic strains, we screened *A. hydrophila* strain collections available in the United States that were isolated from fish and other hosts and identified one additional *A. hydrophila* strain, S04-690, which was affiliated with VAh strains and strain ZC1 (see [Fig. S1](#figS1){ref-type="supplementary-material"}). Strain S04-690 was isolated in 2004 from a diseased catfish obtained from a commercial aquaculture pond located in Washington County, Mississippi, which experienced a single event of MAS outbreak that killed thousands of catfish but importantly did not result in a widespread epidemic outbreak in the surrounding regions or subsequent outbreaks in following years within the affected farm.

Since our *gyrB*-based phylogeny suggests that Chinese carp isolate ZC1 is highly similar to VAh isolates and a 2004 Mississippi isolate of catfish origin, we evaluated the evolutionary relationships of additional Chinese carp isolates of epidemic origin in Hubei Province, China (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material) ([@B4]). The *gyrB* phylogeny constructed using the neighbor-joining method revealed that all of the Chinese carp epidemic isolates, including isolate ZC1, consistently group together as a single clade along with the recent U.S. epidemic isolates of catfish origin that included Mississippi isolate S04-690 (see [Fig. S1](#figS1){ref-type="supplementary-material"}). In contrast, we found that *A. hydrophila* isolates of nonepidemic origin are widely spread through different clades (see [Fig. S1](#figS1){ref-type="supplementary-material"}). The *gyrB* sequences of the epidemic *Aeromonas* isolates (from Chinese carp or U.S. catfish) formed a monophyletic clade with 100% sequence identities and with 100% bootstrap support for the VAh-associated lineage. This suggests that a clonal *A. hydrophila* complex descended from a common ancestor responsible for epidemic outbreaks of fish disease in China and the United States.

To provide a more refined phylogenetic placement of the U.S. *A. hydrophila* isolates, we used a multilocus sequence-based phylogeny that included 3,751 bp of concatenated nucleotide sequences from six housekeeping genes: gyrase subunits A and B (*gyrA* and *gyrB*), RNA polymerase sigma factor (*rpoD*), bacterial DNA recombination protein (*recA*), heat shock protein (*dnaJ*), and DNA polymerase III tau and gamma subunits (*dnaX*) (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). Our analysis included *A. hydrophila* VAh catfish isolates, Mississippi catfish isolate S04-690, Chinese carp isolate ZC1 ([@B19]), and nonepidemic *Aeromonas* isolates of U.S. origin (see [Table S1](#tabS1){ref-type="supplementary-material"}), yielding a phylogenetic tree with strong bootstrap support for the terminal nodes ([Fig. 1](#fig1){ref-type="fig"}). This multilocus phylogeny demonstrated that the Chinese carp isolate ZC1 clustered together with the Alabama and Mississippi catfish isolates as a monophyletic clade ([Fig. 1](#fig1){ref-type="fig"}); in contrast, the nonepidemic *A. hydrophila* isolates are highly divergent ([Fig. 1](#fig1){ref-type="fig"}). In addition to this multilocus sequence-based phylogeny, we searched the *Aeromonas* PubMLST database (<http://www.pubmlst.org/aeromonas>) ([@B18]) using *gyrB*, *groL*, *gltA*, *metG*, *ppsA*, and *recA* gene-specific sequences of isolates ML09-119, S04-690, and ZC1, and we found that these three isolates belong to sequence type (ST) ST251, which until this study contained only *Aeromonas hydrophila* isolate XS91-4-1. Interestingly, this highly virulent Chinese isolate, *Aeromonas hydrophila* XS91-4-1, was obtained from a diseased silver loweye carp from an epidemic outbreak in 1991 ([@B20]). Taken together, these findings demonstrate that Chinese carp isolates XS91-4-1 and ZC1 along with U.S. catfish isolates ML09-119 and S04-690 are clonal. We also constructed a phylogenetic tree using the neighbor-joining method that demonstrates that U.S. catfish isolates ML09-119 and S04-690 and Chinese carp isolates XS91-4-1 and ZC1 cluster together in a monophyletic clade (data not shown).

![Multilocus sequence-based phylogeny using six different housekeeping genes of 148 *Aeromonas* strains. The internal color ranges refer to the geographical origin of the isolates, while the external ring indicates the biological source. The cluster containing the epidemic strains is highlighted. \*, *Aeromonas* isolates sequenced by Martinez-Murcia and colleagues ([@B25]). The reclassification of *Aeromonas aquariorum* and *Aeromonas hydrophila* subsp. *dhakensis* as *Aeromonas dhakensis* has been proposed elsewhere ([@B26]).](mbo0031418570001){#fig1}

Our multilocus phylogeny based on two different sets of housekeeping genes as well as MLST typing is concordant with the *gyrB*-based phylogeny that demonstrated that the Chinese carp and U.S. catfish isolates cluster together as a clonal group and share identical alleles of all 10 housekeeping genes. Therefore, these findings strongly support the hypothesis that the recent *A. hydrophila* isolates responsible for catfish epidemics in the United States emerged due to the rapid spread of a clonal group of pathogenic isolates that share an ancestor with *A. hydrophila* isolates identified from diseased carp from Asia. These data, while supporting the close phylogenetic affiliation of U.S. catfish and Asian carp isolates, do not provide any indication of the relative timing of the evolutionary changes that have occurred in these *A. hydrophila* populations, nor did these analyses indicate the relative virulence of these strains within carp or catfish. Channel catfish and grass carp were experimentally challenged to compare the virulence of strains ML09-119, ZC1, and AL06-06, with survival rates ranging from 0.02 ± 0.04 to 0.98 ± 0.04. *A. hydrophila* isolate AL06-06 was included in the challenge experiment in this study as a reference strain that is typical of *A. hydrophila* strains that have been historically isolated from stressed fish prior to the advent of the MAS epidemic and has shown reduced mortality (20%) in channel catfish relative to that observed from ML09-119 ([@B7]). In this study, we observed that isolate ML09-119 was significantly more virulent than either ZC1 or AL06-06 and that ZC1 was more virulent than AL06-06 (*P* \< 0.0001) ([Fig. 2](#fig2){ref-type="fig"}) in both channel catfish and grass carp. Additionally, overall comparisons between fish species show that channel catfish were more susceptible to *A. hydrophila* than were grass carp (*P* = 0.0126); however, this observation occurred only for VAh strain ML09-119 ([Fig. 2](#fig2){ref-type="fig"}). No interaction effect of the independent variables was observed (*P* = 0.1002). These data suggest that ML09-119 has evolved increased virulence and that channel catfish appear to be more susceptible.

![Percent survival of channel catfish or grass carp after challenge with *A. hydrophila* strain ML09-119, ZC1, or AL06-06. Significant differences in survival were observed for bacterial strains ML09-119, ZC1, and AL06-06 (*P* \< 0.0001) and between fish species in the ML09-119 group (*P* = 0.0126). No interaction effect between variables of bacterial strains and fish species was observed (*P*~fish\ species\ ×\ bacterial\ strains~ = 0.1002). The difference in survival between channel catfish and grass carp injected with ML09-119 was significant (*P* = 0.0069). No significant differences in survival between channel catfish and grass carp intraperitoneally injected with ZC1 or AL06-06 were observed, but there was a significant difference between strains ZC1 and AL06-06 in both channel catfish (*P* = 0.0075) and grass carp (*P* = 0.0089).](mbo0031418570002){#fig2}

One of the phenotypic traits common among all VAh strains is the ability to utilize *myo*-inositol as a sole carbon source ([@B7]). We therefore tested the Chinese carp isolate ZC1 and the Mississippi catfish isolate S04-690 for this phenotype and found that these strains could also utilize *myo*-inositol as a sole carbon source and had growth curves similar to those observed for VAh strains, whereas isolate AL06-06, used as a negative control, did not utilize *myo*-inositol as a sole carbon source (data not shown). The comparison of the 17.5-kb *myo*-inositol utilization cluster of VAh isolates with that of Chinese carp isolate ZC1 (accession no. KF724901) and Mississippi catfish isolate S04-690 (accession no. KF724900) demonstrated that they share identical nucleotide sequences with identical synteny. Previously, we observed a consistent correlation between the presence of an epidemic-specific genetic marker and *myo*-inositol utilization capacity of all tested VAh strains ([@B7]). To our knowledge, the utilization of *myo*-inositol as a sole carbon source has not been reported for any other *A. hydrophila* isolates obtained from diseased fish or any other environmental or clinical origin in the United States ([@B1]). However, *myo*-inositol-utilizing *Aeromonas* isolates are prevalent in East and Southeast Asia ([@B21]). This is further evidence in support of an Asian origin for the epidemic *A. hydrophila* strains in the United States.

The clonal nature of the Asian carp and U.S. catfish isolates made it impossible to differentiate them based on housekeeping gene divergence. To systematically investigate the emergence of the recent VAh isolates, we sequenced the genomes of the Chinese carp isolate ZC1 and the Mississippi catfish isolate S04-690. The genomic comparison of both of these isolates with the highly virulent recent VAh isolates and other nonepidemic disease isolates was conducted to understand the genomic changes among these strains and provide finer resolution for the phylogenetic relationships among these strains. Reference mappings of the Illumina sequence reads from the genomes of Chinese carp isolate ZC1 and Mississippi catfish isolate S04-690 were conducted against the 55 genomic regions unique among VAh strains ([@B7]), demonstrating that the genomes of Chinese carp isolate ZC1 and Mississippi catfish isolate S04-690 share 53 and 54 of these 55 epidemic-associated regions, respectively ([Fig. 3](#fig3){ref-type="fig"}). These 55 epidemic-associated genomic regions (336,469 bp in total), present within the genome of all sequenced VAh isolates, are comprised of prophage elements, pathogenicity islands, metabolic islands, fitness islands, and genes of unknown functions ([@B7]). These epidemic-associated unique regions are considered horizontally acquired regions of the *A. hydrophila* genome since they were obtained by excluding core genomes of the 11 *A. hydrophila* isolates described previously ([@B7]). Though it has not been demonstrated experimentally, the analysis of the open reading frames (ORFs) present within these unique regions suggests their potential roles in pathogenesis ([@B7]). The C18R2 (11,731 bp) and C26R1 (20,780 bp) epidemic-associated unique regions of a recent VAh isolate are absent in Chinese isolate ZC1 ([Fig. 3A](#fig3){ref-type="fig"}). The C26R1 region, the same region absent in ZC1, is the only epidemic-associated unique region of a recent VAh isolate absent in the genome of Mississippi isolate S04-690 ([Fig. 3B](#fig3){ref-type="fig"}). In our previous study, we reported that epidemic-associated unique regions C18R2 and C26R1 contained two different genomic islands (GIs), namely, GI6 and GI12, respectively ([@B7]), which suggested their possible acquisition through horizontal gene transfer. The comparison of genomic islands present within the genomes of Chinese carp and U.S. catfish isolates demonstrated that most of the genomic islands, except for GI5, GI6, and GI12, which are found consistently within the genomes of VAh isolates are also present within the genome of strain ZC1 ([Fig. 4A](#fig4){ref-type="fig"}). We also observed that the majority of the genomic islands, except for GI12, were present in Mississippi isolate S04-690 ([Fig. 4B](#fig4){ref-type="fig"}). These shared genomic islands with identical synteny and DNA sequences of high similarity are located in the same positions within the genomes of ZC1, S04-690, and ML09-119 isolates (data not shown). No additional GIs were predicted within the genome of S04-690, whereas 4 additional GIs were predicted within the genome of ZC1 (data not shown). Our analysis of GI12, a VAh-specific GI absent within the genomes of ZC1 and S04-690, predicts the presence of a fitness island with a large number of ORFs involved in DNA modification functions ([@B7]). GI5 and GI6 are observed in VAh isolates ([@B7]) but absent in ZC1 and are predicted to encode 15 and 8 proteins of unknown functions, respectively. Since genomic islands of bacterial species are highly variable and frequently used to distinguish strains due to their acquisition through horizontal gene transfer ([@B22]), the sharing of a large number of identical genomic islands has led to the hypothesis that U.S. VAh isolates originated from Asia and that the Mississippi isolate S04-690 represents an intermediate strain between the Asian carp and Alabama catfish isolates. The commonality of a large number of genomic islands also indicates that the horizontal acquisition of those genomic islands occurred in their common ancestor prior to the diversification of the Chinese carp isolate ZC1, Mississippi catfish isolate S04-690, and Alabama catfish VAh isolates.

![Reference alignment showing the maps of the orthologous genetic regions (blue arrow) of Chinese carp isolate ZC1 (A) or Mississippi catfish isolate S04-690 (B) specific to the epidemic-associated genetic regions of VAh isolates (red arrow). The scales for the percent conservation and average coverage of the Illumina sequences from both the isolates aligned with epidemic-associated genetic regions of VAh isolates are shown on the left axis. The black horizontal line illustrates the continuous alignment of the sequences, and the discontinuous black line indicates the interruption of the sequence alignment. The average coverages of the ZC1 and S04-690 sequences mapped against epidemic-associated genetic regions of VAh isolates are 87× and 115×, respectively.](mbo0031418570003){#fig3}

![Reference alignment showing the maps of the orthologous genetic regions (blue arrow) of isolates S04-690 (A) and ZC1 (B) specific to the GIs of VAh isolates (red arrow). The scales for the percent conservation and average coverage of the Illumina sequences from both the isolates aligned with GIs of VAh isolates are shown on the left axis. The black horizontal line illustrates the continuous alignment of the sequences. and the discontinuous black line indicates the interruption of the sequence alignment.](mbo0031418570004){#fig4}

Although the MLST-based phylogeny demonstrated that U.S. catfish and Chinese carp isolates have a common ancestor ([Fig. 1](#fig1){ref-type="fig"}), this analysis did not provide sufficient phylogenetic resolution to differentiate between these isolates. To further refine the evolutionary relationships of the U.S. catfish and Chinese carp isolates, we constructed a phylogenetic tree based on the 303,863 bp of concatenated sequences from epidemic-specific regions shared among VAh isolates ([@B7]), ZC1, and S04-690. We observed that VAh epidemic isolates form a distinct monophyletic clade that is divergent from the S04-690 strain (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). The evolutionary history inferred from this phylogenetic tree suggests a common ancestor between all of these strains, with S04-690 being most closely related to VAh isolates. These findings strongly suggest a stepwise emergence of the U.S. epidemic isolates from Asia with the Mississippi catfish isolate as a representative intermediate in this evolutionary model.

Finally, we conducted a pairwise comparison of the proteomes of 14 *A. hydrophila* isolates using a BLASTp matrix, an all-against-all BLASTp analysis, to determine the similarity among proteomes based on the number of conserved gene families ([@B23]). Similarly to our previous findings ([@B7]), these results demonstrated that the VAh strain proteomes are highly clonal and that the proteome of Mississippi catfish isolate S04-690 shows a high degree of similarity to that of VAh strains, with 99.5% similarity to the representative strain ML09-119 (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). In contrast, the proteome of the Chinese carp isolate ZC1 shows 97.7% and 97.5% similarity to those of ML09-119 and S04-690, respectively. These findings are concordant with the phylogenomic analysis (see [Fig. S2](#figS2){ref-type="supplementary-material"}) that suggests that S04-690 is an example of an intermediate strain in the evolutionary emergence of VAh. We observed that the genomes of S04-690, ZC1, and all of the VAh isolates share \>97% similarities among themselves. In contrast, none of the genomes of nonepidemic U.S. isolates showed \>74% similarity to that of VAh isolates (see [Fig. S3](#figS3){ref-type="supplementary-material"}). These findings further support the conclusion that the Chinese carp and U.S. catfish VAh and Mississippi isolates are a monophyletic group with a coherent genome and a discriminatory phenotype (i.e., *myo*-inositol utilization) that clearly differentiate them as clonal, pathogenic strains that are distinct from *A. hydrophila* isolates that have been previously described in the United States.

This study provides multiple lines of evidence that suggest that highly virulent *A. hydrophila* isolates responsible for epidemic outbreaks of MAS in catfish in the southeastern United States have an Asian origin. At this point, the exact means of introduction of these virulent isolates in the United States is not clear. There are several possible ways in which Asian isolates might have been introduced in the United States: (i) the introduction of Asian carp into the United States and their extensive use as biological control agents may have introduced an Asian variant of *A. hydrophila* that served as a precursor for the emergence of highly virulent catfish isolates, (ii) transport and distribution of imported ornamental fish from Asia may have introduced the isolates, or (iii) import of contaminated processed seafood products may have introduced Asian isolates into the United States, since imported seafood is frequently contaminated with *A. hydrophila* ([@B24]). Given the widespread occurrence of this *A. hydrophila* lineage within different regions of China (Guangdong, Hubei, Jiangsu, and Zhejiang provinces) and the report of *myo*-inositol-utilizing *A. hydrophila* strains in eastern and southeastern Asia in the years prior to the U.S. epidemic, the most likely scenario is that this pathogenic *A. hydrophila* lineage was introduced into the United States from fish imported from Asia. Additionally, highly virulent disease episodes have been documented since the late 1980s in China with *A. hydrophila* of this genotype ([@B9]) and no disease episodes like those observed on commercial catfish farms in the U.S. occurred until 2004, with the onset of epidemic outbreaks occurring in 2009.

We hypothesize that a virulence factor(s) encoded within genomic islands of the epidemic catfish isolates may contribute to the enhanced pathogenicity and/or host specificity of the VAh isolates in catfish. Further studies of the role and mechanisms of this virulence factor(s) in *A. hydrophila* pathogenesis in catfish and carp will increase our understanding of the emergence of highly virulent bacterial pathogens and the contribution of geographically introduced nonnative species in the pandemic spread of pathogens facilitated by human activities.
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Sequences for the myo-inositol utilization clusters of Chinese carp isolate ZC1 (accession no. KF724901) and Mississippi catfish isolate S04-690 (accession no. KF724900) have been deposited in GenBank. The raw sequence reads for strains ZC1 and S04-690 were deposited in NCBI's Short Read Archive under accession numbers SRR1031999 and SRR1032027, respectively.
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